ABSTRACT Simple and low cost tag antenna with long reading distance in various environments is in great demand with its wide applications. This paper describes the design and optimization procedure of a singlelayer tag antenna, which covers relatively long reading range when mounted on both metallic surface and various dielectrics. The antenna is based on the loop structure, with a small ka of 0.66. Characteristic mode analysis is first performed to inspect how a typical loop structure radiates in free space and on PEC. Antenna structure is then designed based on the characteristics of the loop. Afterward, equivalent circuits of the tag antenna on dielectrics and on metal are extracted, in order to provide guidance for antenna optimization. The proposed tag antenna achieves the maximum reading distance of 6.1 m and 14.1 m, respectively, when mounted on metal and dielectrics with low permittivity. Measurements of the tag antenna were carried out in different environments, including outdoor scenario, indoor scenarios with low and high reflections. The measured results agree reasonably well with the predicted ones. The tag antenna is proved to be competitive in perspective of simple structure, low cost, long reading distance, and tolerance on various background materials.
I. INTRODUCTION
Radio frequency identification (RFID) becomes prevalent in both research area and industries, especially with the overwhelming of the internet of things (IoT). Compared with RFID at low frequency (LF) and high frequency (HF) band, ultra-high frequency (UHF) RFID has the advantage of long reading range and high data rate, and thus attracts more attentions. It finds many applications in the fields of item tracking, supply chain management, localization and body sensing [1] , [2] . Those wide applications require the tags to be mounted on items of different materials, such as glass, wood, and even metal. However, the interaction between the platform and the tag makes the design of tag antennas challenging, especially when the tag is mounted on conductive materials [3] , due to totally different radiation boundaries.
To reduce the influence of the metallic surface, the most commonly used method is to incorporate a conductive ground plane beneath the antenna, forming a patch-like structure [4] - [14] . A cavity backed patch antenna was introduced in [4] for long reading range. The antenna contains three layers with a cavity thickness of 5 mm. To reduce the size of the antennas, shorting walls or shorting PINs are normally used. In [6] - [8] , the shorting post is utilized to form PIFA antennas, whereas in [10] it connects the ground plane and the coupled feed. The shorting PINs can also be employed to compose a three dimensional loop for radiation [11] , [12] . However, the via-holes and sometimes vertically embedded RFID chips increase the cost and fabrication difficulties of the tag antenna.
In contrast, single-layer tag antennas have the benefit of low cost and easy fabrication. One of the first designs on the single layer RFID tag was a dipole based fork-shaped antenna with a dimension of ka = 1.17 and a reading range of 8.9 m in the case of perfect polarization alignment [15] . A recent research based on Z -shaped slot exciter enhanced the antenna gain by four times compared with the conventional dipole antenna, and retained a maximum reading range of 10 m [16] . The drawback is its relatively large size of 120 mm × 60 mm. In fact, due to the dipole based structure of most single-layer antennas, their dimensions are normally large, with ka > 1 [16] - [20] . In [21] , a very low profile RFID transponder was introduced to be tagged on batteries. However, it relies on near field radiation so that the reading range is limited. In [22] , small size was obtained by loading the antenna with high-permittivity polymer-ceramic composite substrate. The high permittivity, as a side effect, results in a reading range smaller than 3 m. In addition, some of the compact tags can only be applied on conductive surfaces rather than other materials. In [23] , a sandwiched RFID tag was designed to achieve proper reading range both on and off the metal. The drawback is its thickness of 5 mm and the high-cost substrate material used.
As for the antenna excitation, coupled loop feeding has the inherent advantage of being inductive, leading to its utilization in some RFID tag antenna designs. The encapsulated loop in [9] excites the slot, which couples the energy to the TM10 mode of the patch. In [24] , the loop above the patch provides easy impedance tuning for the RFID tag. In both cases, the feeding loop and the radiating structure are not at the same layer in order to get more freedom of tuning.
This work proposed a single-layer RFID tag with a smaller ka of 0.66. The antenna has a dual-loop structure, with the inner loop as an impedance transformer and the outer loop as the radiator. Long reading range is retained when the antenna is tagged on conductive surface and on materials of low permittivity between 2.5 and 5. Characteristic mode (CM) analysis is carried out to inspect if the antenna can radiate effectively at similar frequencies when mounted on metal and dielectric. Afterwards, equivalent circuits of the antenna on different mounting materials are extracted to better illustrate the working mechanisms of the antenna and guide the antenna optimization. Section II describes the CM analysis and the antenna geometries. Equivalent circuit extraction and antenna optimization are performed in section III and IV, respectively. The measurement results and the comparison with the stateof-the-art antennas are described in section V, followed by the conclusions in section VI.
II. ANTENNA DESIGN A. CHARACTERISTIC MODE ANALYSIS OF LOOP IN DIFFERENT BOUNDARY CONDITIONS
Dipole, loop and slot antennas are typical single-layer antennas for RFID tags, within which dipole based antennas are the most popular antenna type for RFID applications due to its easy implementation and omnidirectional radiation. However, when placed near a conducting body, the dipole antenna becomes short circuited, leading to a very small radiation resistance of less than 1 , making the impedance matching difficult [3] .
Loop antenna is also a good candidate for tag antenna design since it is inherently inductive below its first resonance. In this subsection, we investigate the radiation characteristics of a rectangular loop with a circumference of 300 mm in free space and on infinite perfect electric conductor (PEC) using the theory of CM.
As a tool for antenna design, the CM analysis can provide physical insight into the fundamental electromagnetic properties of the antenna structure without any feeding [26] . It is usually utilized to find the feedings of a structure by looking for the current maxima for certain modes. In this work, CM is exploited to provide an initial idea on whether the basic loop structure is suitable to be mounted on different backgrounds or not. The eigenvalues of the loop in free space and on PEC are depicted in Fig. 1(a) and (b), respectively, with the configuration of the loop presented in the subset of Fig. 1(a) . In free space, the lowest frequency of the radiating modes appears at around 1.2 GHz. This mode (λ 1 ) corresponds to the dipole mode along the length of the loop, which can be observed from its characteristic pattern shown in the figure. The second mode(λ 2 ), resonating at a slightly higher frequency of 1.3 GHz, represents a full wavelength loop mode along its periphery. The maximum radiation of the loop is right above and below the loop plane. It is seen that the resonances of the two modes are close to each other, so that both of them can contribute to the radiation of the tag in free space at around 1 GHz.
When the same loop is mounted above infinite PEC, its radiation characteristic changes a lot. In Fig. 1(b) , PEC boundary, instead of open space, is used underneath the loop. Only one resonant mode is observed in the frequency band of interest, due to its different working mechanism as a patch antenna. Its characteristic pattern also exhibits a patch-like boresight radiation, as presented in the subset of Fig. 1(b) . Compared with the eigenvalue curves in Fig. 1(a) , the slopes of the curves in Fig. 1(b) are much steeper, indicating smaller bandwidth. We vary the distance (d) between the loop and the PEC. As the distance becomes smaller, the slope of the curve becomes larger, while the resonant frequency of the structure keeps almost unchanged. This corresponds to the fact that the thinner is the patch antenna, the narrower is its bandwidth. The characteristic pattern of the mode keeps almost unchanged with the distance d.
Based on the above analysis, the loop structure is a good candidate for the single-layer RFID tag antenna design. On one hand, it presents similar resonant frequencies and good radiation characteristics both in free space and above PEC, though the bandwidth is small above PEC. On the other hand, it has two available modes in free space, providing more freedom for mode selection and antenna tuning. However, the size of the original loop (100 mm × 50 mm) is a bit large for the tag design. In the following, we make efforts on size reduction and impedance matching of the loop, in order to achieve good performance on both dielectrics and metallic surface. As for the thickness of the patch, we choose d = 3 mm, taking into account both the curve slope in Fig. 1 (b) and the tag design criteria of being low profile in practice. 
B. ANTENNA CONFIGURATION
The final geometries of the proposed tag antenna are presented in Fig. 2 , with its dimensions illustrated in the figure caption. One edge of the loop is meandered to reduce the size of the antenna. The meander line, as a side effect, reduces the radiation efficiency of the antenna. Thus, the density of the meandered structure should be optimized considering the trade-off between size and efficiency. The loop antenna is fed by an inner loop, which shares a common edge with the radiating loop. The inner loop acts as an impedance transformer and couples the energy to the outer loop. There is a tuning patch at the corner of outer loop, providing easy input impedance tuning, which will be further illustrated in section IV. The Alien Higgs-3 chip [27] , with an equivalent resistance of 1500 ohms and a capacitance of 0.85 pF in parallel, was used in the tag simulation. The antenna is etched on FR4 substrate with a relative permittivity of 4.4 and a loss tangent of 0.02.
Two typical mounting backgrounds were chosen to optimize the tag antenna. One is placing the antenna on a metallic plate with the size of 200 mm × 200 mm; the other is tagging it on the material with a relative permittivity of 3, which represents dielectric with low permittivity. The power reflection coefficients of the antenna in the two circumstances, which refer to the conjugate match of the chip impedance, are shown in Fig. 3 . Its center frequency is around 924 MHz. The antenna operates as a combination of the dipole mode and the loop mode when mounted on dielectrics, whereas it forms a patch on the metallic surface. The 3 dB bandwidth of the antenna in both cases is larger than 30 MHz.
The simulated radiation patterns of the proposed antenna on two different backgrounds were normalized to their maximum values and shown in Fig. 4 . When the antenna is mounted on dielectric, a combination of the dipole-like pattern and the loop pattern is formed along the diagonal of the structure, due to the position of the feed. When it is placed on the metal, the current is coupled from the inner loop to the outer loop and the ground plane, establishing a typical patch pattern polarized along y-axis. In both cases, the cross polarization is not negligible, since there are currents flowing along both x and y directions.
III. EQUIVALENT CIRCUIT ANALYSIS
To better illustrate the antenna's working mechanism and provide guidelines for antenna parameter optimization, we extract the equivalent circuits of the antenna on two different backgrounds. The equivalent circuit for the proposed structure, in general, consists of three parts, i.e., feeding circuit, coupling circuit and radiating circuit. The coupling circuit shows the interaction between the feeding loop and the radiating loop. It should be noted that the circuit extraction is carried out without the chip, so that its resonant frequency is not exactly 924 MHz.
A. TAG ANTENNA MOUNTED ON DIELECTRICS
For the tag antenna on dielectrics, we firstly simulate the small inner loop alone on the dielectric, with the port position exactly the same as that in the antenna design. Since the loop is electrically small, its first resonance is a lot higher than the target frequency of around 1 GHz. Thus, the inner loop is simply modeled as a resistance (R fl ) and an inductance (L fl ) in series. R fl can simply be read from the real part of the input impedance in the simulation, with loss included. L fl can then be obtained by curve fitting. A resistance of 1.89 and an inductance of 13 nH were obtained after the simulation.
As for the radiating loop, its circumference is comparable to the wavelength, so that the equivalent circuit is built as a resonant circuit with resistance (R rl_d ), capacitance (C rl_d ) and inductance (L rl_d ) in series. The value of each parameter is also achieved by simulating the outer loop independently and fitting the curve according to the resonance.
The coupling between the feeding loop and the radiating loop is modeled by mutual inductance coefficient M . As illustrated above, the overall equivalent circuit model for the loop on dielectrics is shown in Fig. 5(a) . The coefficient M is obtained using the following equation [28] :
where Z in is the input impedance of the proposed antenna provided by the full wave simulation in CST. Z fl and Y rl are the input impedance of the feeding loop and the admittance of the radiating loop, respectively, which can be calculated with the extracted parameters previously. The curve fitting results are shown in Fig. 5(b) . In general, the impedance curves from the full wave simulation and the equivalent circuit follow the same trend. However, there appears some discrepancy after the resonance. This is because the antenna has another resonance close to the operating frequency band, which influences the shape of the input impedance curve. Since we are only interested in the circuit of the operating frequency band, the discrepancy is within a reasonable range.
B. TAG ANTENNA MOUNTED ON METALLIC SURFACE
The process of equivalent circuit extraction for the antenna on metal is quite similar as that illustrated above, with the main difference lying in the coupling circuit.
Since the feeding loop is the same as that on the dielectrics, the same equivalent circuit and parameter values are utilized for the feeding part. Regarding the radiating loop, it forms a patch when mounted above the conductive surface. Thus, a typical equivalent circuit model of the patch is exploited according to the transmission line theory [29] . One straightforward problem is how to choose the position of the feed when simulating the outer loop independently, since the original feed is at the inner loop. To retain more precise input impedance in the curve fitting, the feeding position is optimized so that the current distributions of the original antenna and the outer loop alone mimic each other.
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The current distributions are shown in Fig. 6 , with the feeding position indicated in Fig. 6(b) . At last, we model the interaction between the feeding loop and the radiating loop by a series inductance and a parallel capacitance. The inductance corresponds to the magnetic coupling between the two loops, whereas the parallel capacitance represents the capacitive coupling through the ground plane. To obtain the values of the L cs and C cp , full wave simulation and curve fitting are performed in CST and Matlab, respectively, for the final antenna and the circuit model. When the impedance curve of the equivalent circuit fits the simulation results well, the values of L cs and C cp are determined. The whole circuit model is shown in Fig. 7(a) , with the value of each component in the equivalent circuit illustrated in the caption. Fig. 7 (b) gives the input impedances from the full wave simulation and the equivalent circuit model, which agree well with each other.
C. EQUIVALENT CIRCUIT STUDIES
According to the circuit models in Fig. 5(a) and Fig. 7(a) , the main operating frequency of the antenna, regardless of the tagging materials, is mainly dependent on the capacitance and inductance of the outer loop. In another word, the size and geometries of the outer loop determine the resonant frequency in rough. On the other hand, the coupling structure can also change the resonance and affect the impedance matching, though within a smaller range.
In this subsection, the influence of the coupling circuit is analyzed to provide a general guidance for antenna tuning, with the feeding circuit and the radiating circuit unchanged. With this purpose, the influences of circuit parameters, including C cp , L cs and M , on the resonances of the antenna are studied and described in Fig. 8 . For antennas mounted on metallic surface, the resonant frequency decreases when the C cp and L cs increase, as shown in Fig. 8 (a) and (b) , respectively. The difference lies in that the absolute values of the input impedance only vary slightly with C cp , whereas it changes a lot with L cs . For antennas on dielectrics, the mutual inductance M only changes the slopes and values of the input impedance, without altering its center frequency (see Fig. 8(c) ).
Mapping the coupling circuit parameters to the antenna geometries, C cp , L cs and M are mainly related with the dimensions of the tuning patch (d 1 , d 2 ) and the distance between the inner and the outer loop (d 5 ). From the perspective of the equivalent circuit, the antenna can be optimized according to the following procedure: the dimension of the outer loop is firstly determined according to the resonant frequency of the antenna on dielectric. It is then simulated on metallic surface to check the frequency detuning, which can be amended by optimizing C cp and L cs . During this process, the impedance matching also needs to be taken into consideration. At last, the impedance matching for the antenna on dielectric can be optimized by varying M . The corresponding optimization from antenna perspective is described in section IV.
IV. ANTENNA OPTIMIZATION
In this section, parametric analysis is carried out in full wave simulations using CST Microwave studio according to the relationship between the coupling circuit parameters and the antenna geometries. It should be noted that varying the dimensions of the coupling structure in practice actually changes the feeding loop and the radiating loop slightly, though the influence is not great.
A. TAG ANTENNA MOUNTED ON METALLIC SURFACE
When the antenna is mounted on metallic surface, once the radiating loop is roughly fixed, the size of the inner loop (d 5 ) and the tuning structure (d 1 , d 2 ) mainly changes the mutual inductance L cs and the mutual capacitance C cp , respectively. The area of the tuning patch is swept to investigate its influence on the operating frequency and impedance matching. To be simpler, we keep d 1 -d 2 = 3.5 mm, and only sweep the length of d 1 . The variation of the input impedance in Fig. 9(a) shows that when the area of the tuning patch is increased, the resonant frequency decreases, as the parallel capacitance is increased. The absolute input impedance is almost unchanged around each center frequency, as expected in Fig. 8(a) . Sweeping d 5 leads to the observation that the larger the inner loop, the lower is the resonant frequency (see Fig. 9(b) ). This corresponds to the inductance sweep in Fig. 8(b) . d 5 affects both the center frequency and the impedance matching, though not as obvious as L cs did in Fig. 8(b) .
The size of the metallic background is also swept to investigate its influence on the performance of the antenna. The results show that the resonant frequency is only shifted by less than 10 MHz when the ground plane varies from 100 mm ×100 mm to 200 mm × 200 mm, without affecting the impedance matching.
B. TAG ANTENNA MOUNTED ON DIELECTRICS
The same parameters are studied for antennas on dielectrics, with the results shown in Fig. 10 . As expected, variation of d 5 changes the impedance matching of the antenna without great effect on the resonant frequency, similar as tuning M in Fig. 8(c) . Thus, tuning d 5 is an effective method when there is frequency difference for the antenna on the two different mounting materials, since it can change the operating frequency in one case and keep the resonance unchanged in the other case.
On the other hand, the area of the tuning patch changes both the resonant frequency and the impedance matching, as it not only alters the mutual coefficient, but also changes the size of the outer loop. In general, the antenna parameter variations agree well with the circuit simulations. Since the circuit simulation is more intuitive and efficient, it can always be carried out first to guide the antenna optimization. 
V. EXPERIMENTS AND DISCUSSIONS
The proposed tag antenna (see Fig. 11 ) was fabricated on FR4 substrate. Alien Higgs-3 was used as the chip of the tag. The pins of the chip are connected with the inner feeding loop.
The input impedance of the antenna on different materials was measured with a vector network analyzer following the procedure described in [30] . The antenna was measured as a two-port network after calibration and port extension. The setup of the prototype measurement on the metallic surface is shown in the inset of Fig. 12 . The coat of the two coaxial cables were soldered together, with each signal wire connected with one open edge of the antenna. The reflection coefficient is then calculated using the measured parameters in the network according to the formula in [30] , with the results shown in Fig. 12 . Compared with the simulation results, a better matching was obtained for the non-metallic case, whereas the return loss was higher on the metallic surface. This, on one hand, is due to fabrication tolerance and cable influence; on the other hand, the measurement procedure also introduces some uncertainties [30] . The discrepancy could also be attributed to the glue between the tag and the background materials, which changes the thickness and permittivity of the substrate in between slightly. The reading range of the tag antenna was measured in the outdoor scenario (see Fig. 13 ), which is more practical for RFID systems, compared with the anechoic chamber environment. The measurement system consists of a computer, a reader controller (IPJ-R420), a circularly polarized reader antenna (S9028PCL) and the fabricated tag. The measurement is carried out at 925 MHz. In order to provide intuitive comparison with other state-of-the-art tag antennas, all the simulated and measured reading distances are converted to the reference case with 4 W Effective Isotropic Radiated Power (EIRP) from the reader and a chip wakeup power (P th ) of −18 dBm. The conversion is performed according to:
where G r and are the gain and the reflection coefficient of the tag antenna, respectively. For example, if the measured distance is 5 m under 1W EIRP of the reader antenna, it is then converted to 10 m in the above mentioned reference case according to the relationship between distance and EIRP in (2) . This conversion makes the comparison more straightforward. In order to demonstrate the practical applications of the proposed tag antenna, the simulated and measured reading range patterns on both xoz plane and yoz plane are compared in Figs. 14 and 15, respectively, for the metallic and dielectric surfaces. The maximum predicted reading range of the antenna on metallic surface is around 6.1 m, while in the measurement it is 5.12 m. It is mainly attributed to the higher return loss of the prototype on metal, as shown in Fig. 12 .
The maximum reading distance of the antenna on dielectric in the measurement is 13.53 m, which is only slightly shorter than the simulation result of 14.1 m. The minimum reading range is above 10 m over the xoy plane.
To verify the tolerance of the tag antenna on different mounting materials with different permittivity, the antenna is placed on different objects, including plastic, book, wood and glass, with similar thickness. In addition, the same antenna setup was measured in two other typical working environments, i.e., indoor scenarios with low reflection and high reflection. Large empty room with the size of 6.6 m × 12 m stands for the indoor scenario with low reflection, whereas small working office with desks and chairs represents the indoor scenario with high reflection. The measured reading distances are shown in Fig. 16 . It is observed that the tag keeps a relatively long reading range though the dielectric constant of the materials varies from 2.5 to 5. For the two indoor scenarios, the reflections from the surrounding objects lead to slightly longer reading distance due to the possible constructive superposition of the electric fields from different paths. In Table 1 , we compare the performance of the proposed antenna with the state-of-the-art RFID tag antennas with similar properties. As stated before, all the reading distances are converted to the reference case of P th = −18 dBm and EIRP = 4 W according to their demonstrated P th and EIRP.
Compared with other single-layer tag antennas in the table, the proposed antenna has a relatively long reading distance and a larger bandwidth considering its size. Reference [23] has a sandwiched structure (with a thickness of 5 mm) with dielectrics below and above the conductor layer. Moreover, the substrate in the tag antenna is not commonly used FR4, but expensive material with very low loss tangent of 0.001. Other material-tolerant antennas in the table have more than one conductive layers, as in [10] and [13] . Their reading distances are similar as or less than the proposed antenna taken their size into account. The tag antenna in [5] and the proposed antenna have comparable lateral size and reading distance on the metal. Each of them has its own advantage: the proposed antenna has only one conductor layer and works on dielectrics as well, whereas the antenna in [5] is thinner. In general, the proposed antenna is competitive in perspective of relatively long reading distance, large bandwidth on various materials and its single-layer and low profile structure for easy fabrication.
VI. CONCLUSIONS
A compact single-layer tag antenna, which is tolerant on its mounting materials, was designed in this paper. The antenna is based on a dual-loop structure, with the inner loop as the feeding and the outer loop as the radiator. The choice of loop structure and the optimization procedure were illustrated in details throughout the paper. Circuit simulation provided guidelines for efficient antenna parameter optimization. The tag antenna has a 3 dB bandwidth of more than 30 MHz. The reading distance reaches 6.1 m and 14.1 m, respectively, when mounted on metal and dielectrics. The antenna has been measured on different materials to verify its tolerance on the mounting backgrounds. The proposed antenna presents good performance in its simple structure, compactness and long reading range on different materials.
